The fixA, fixB, fixC, and flxX genes of Rhizobium meliloti 1021 constitute an operon and are required for nitrogen fixation in alfalfa nodules. DNA homologous to the R. meliloti fixABC genes is present in all other Rhizobium and Bradyrhizobium species examined, butJlxABC-homologous sequences were found in only one free-living diazotroph, Azotobacter vinelandii. To determine whether the fixABCX genes share sequence homology with any of the 17 KlebsieUla pneumoniae nif genes, we determined the entire nucleotide sequence of the fixA, fixB, fixC, and fixX genes and defined four open reading frames that code for polypeptides of molecular weights 31,146, 37,786, 47,288, and 10,937, respectively. Neither DNA nor amino acid sequence homology to the R. melilotifixA, -B, -C, and -X genes was found in the K. pneumoniae nifoperon. The fixX gene contains a cluster of cysteine residues characteristic of ferredoxins and is highly homologous to an Azotobacter ferredoxin which has been shown to donate electrons to nitrogenase. ThefixABC operon contains a promoter region that is highly homologous to other nifA-activated promoters. We also found a duplication of the 5' end of the fixABCX operon; a 250-bp region located 520 bp upstream of theJixABCX promoter bears more than 65% homology to the 5' end of the transcribed region, including the first 32 codons of fixA.
Several genes have been identified as essential for symbiotic nitrogen fixation by the bacterium Rhizobium meliloti.
These genes are characterized as nif and fix genes. By definition, the nif genes of R. meliloti are those which bear structural or functional homology to the well-characterized nifgenes of the free-living, nitrogen-fixing species Klebsiella pneumoniae. Thefix genes, on the other hand, are essential for nitrogen fixation by virtue of the Fix-phenotype of nodules elicited by strains which contain mutations in these genes (1, 4, 15, 29, 31) but have not yet been assigned a biochemical function.
In R. meliloti three fix genes, fixA, fixB, and fixC, were previously identified which are closely linked to a cluster of nif genes located on a large endogenous plasmid, the socalled Sym plasmid (29, 31) (Fig. 1) . The fixABC genes are located in a single operon (6, 31) and are transcriptionally activated coordinately with the nitrogenase structural genes nifH, -D, and -K by the nifA gene product (38) .
In the work reported here, we examined the fine structure of the fixABC genes and attempted to determine their evolutionary conservation by searching for physical homology between the fixABC genes and the genomes of other diazotrophs. We obtained the DNA sequence of the 4,500- K. pneumoniae nif genes tested.
MATERIALS AND METHODS Bacterial strains and plasmids. Strains, plasmids, and bacteriophage vectors used are shown in Table 1 . K. pneumoniae nifmutant strains contain point mutations created by nitrosoguanidine or diethylsulfonic acid mutagenesis and were kindly provided by the laboratory of W. Brill. UNF706 is a his nif host for pMF250, a low-copy plasmid derived from pRD1 (24) , which contains the entire his-nif region of K. pneumoniae.
Media. Rich medium was L broth, and minimal medium was M9 (26) . Antibiotic concentrations were: ampicillin, 50
,ug/ml for Escherichia coli or 200 jig/ml for K. pneumoniae; kanamycin, 20 ,ug/ml; and spectinomycin, 100 ,ug/ml. DNA manipulations. Standard procedures such as restriction digests, agarose gels, ligations, cloning, nick translations, and large-and small-scale alkaline lysis plasmid preparations were as described by Maniatis et al. (23) (11) (see hatched region of Fig. 1 ) and was the source of DNA for sequencing. Two plasmids were constructed with the objective of placing the fixABC genes under the control of the chloramphenicol acetyltransferase (CAT) promoter. Plasmid pCE116 contains the 3.8-kb EcoRI-HindIII fragment of pCE101, which carries thefixABC genes, cloned into EcoRI-and HindIII-cleaved pBR325 (2, 7) . This construction eliminates portions of the pBR325 genes coding for chloramphenicol and tetracycline resistance and places the fixABC genes behind the CAT promoter without creating a translational fusion between CAT andfixA (CAT terminates before reaching the fixA gene).
The second plasmid, pCE117, is an EcoRI-to-AvrII deletion of pCE116 designed to remove the fixA promoter. Plasmid pCE116 was cleaved with restriction enzyme AvrII (kindly provided by E. Rosenvold of New England BioLabs, Inc., Beverly, Mass.) and EcoRI. Sticky ends were filled out with Klenow polymerase, and the plasmid was religated. A cytosine at the 5' end of the cleaved AvrII site allowed regeneration of the EcoRI site.
Sequencing strategy. We used the shotgun cloning and dideoxy sequencing strategy of Bankier and Barrell (3) to sequence the 4.5-kb HindIII fragment from pCE101. A 10-,g portion of the fragment was isolated by electroelution from a 1% agarose gel, self-ligated overnight at 0°C, and sonicated (three 40-s bursts at full power) in a cell disruptor (W-375; Heat Systems-Ultrasonics, Plainview, N.Y.) equipped with a cup horn. The DNA was phenol extracted and ethanol precipitated. Ragged ends were repaired with Klenow polymerase or T4 DNA polymerase in the presence of four deoxynucleoside triphosphates. The fragments were size fractionated on a 1.5% agarose minigel; fragments from 400 to 1,500 bp were isolated by electroelution and purified by phenol extraction and precipitated. Between 25 and 100 ng of insert DNA was ligated into 20 ng of M13mplO that had been cleaved with SmaI restriction endonuclease and treated with calf intestine phosphatase (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). Bankier and Barrell (3) used E. coli JM103 as a transformation host; however, because JM103 and related strains transform poorly and are hsdR +, we instead transformed into the high-frequency transforming strain MC1061 (hsdR) and plated onto a lawn of strain G-157 (JM103 with the cryptic P1 lysogen deleted).
Phage produced in transformed MC1061 infected G-157 cells through their F pili, producing plaques overnight (25) .
Plaques were picked into 2 ml of G-157 cells diluted 1:100 from a saturated culture. After 5 to 6 h of growth, the cells were centrifuged, and the supernatants were used to prepare phage DNA (3) .
To sequence the region to the right ( Fig. 1) Mass., 1985) . The sequence data presented in this paper adjoin the sequence data presented in reference 12. Sequencing was done in 0.5-ml microcentrifuge tubes inserted in racks designed to be spun in microtiter adapters of a Sorvall RC6000 or Jouan C3000 centrifuge. Sequencing reactions were exactly as described by Bankier and Barrell (3), using the 15-base primer 5'-TGT-AAA-ACG-ACG-GCC- 3 M13, the sequence was confirmed in its entirety with data from both strands. Maxicell experiments. Expression of pCE116 and pCE117 in maxicells, labeling, and polyacrylamide gel analysis of proteins was as described by Sancar et al. (32) with minor modifications by de Bruijn and Ausubel (17) .
K. pneumoniae complementation experiments. In an attempt to complement K. pneumoniae nif point mutations with the R. melilotifixABC genes, we transformed pCE117 into each strain by the standard CaCl2 procedure (23) . Plasmid pBR325, the vector for pCE117, was transformed into these strains as a negative control. Because all the K. pneumoniae nif strains are hsdR +, the DNA was first transformed into the hsdR strain Kp5614 (30) , and alkaline lysis miniprep DNA was used to transform the nif strains.
The positive control plasmid pMF250 contains the entire K.
pneumoniae his-nifregion on a broad-host-range vector with Tn5 inserted in a nonessential region as a selectable marker. pMF250 was conjugated from UNF107 into E. coli JC5466 by plating mating mixtures on minimal medium containing tryptophan, spectinomycin, and kanamycin. JC5466 containing pMF250 was then used as a donor for the recipient K. pneumoniae strains, and exconjugants from these matings were selected on minimal kanamycin plates.
Derepression of the K. pneumoniae strains was done as described previously (30) in NFDM medium (13) containing 20 ,ug of serine per ml as the nitrogen source and with or without (NH4)2SO4 as a control for inhibition of nif activation. Acetylene reduction assays were as described previously (30 (33, 37) were found in front of each ATG start codon; these are shown as underlined sequences in Fig. 2 .
Evidence that the three ORFs identified by the ANALYSEQ program correspond to thefixA,fixB, andfixC genes is shown in Fig. 4 
GATTCCGCGOAAATACGCGTCCATCCGGTGACCAACACGATCATGCGACAGGGCGTGCCGACCATTATCMACCCCCATGi 1280 D S A Q I R V H P V T N T I M R Q G V P T I I N P H D 1281 TCTGGCCGCOCTCGAAGAAGCACTGAAGTTGTGCGACACGTATGGAGGCIAGGTTACCGTGGTGACCATGGGCCCTAAGi 1360 L A A L E E A L K L C D T Y G G E V T V V T M G P K M

TGGCCGAGGACGCGCTGCGCAAGGCACTCACGTTTGGCGCACACCGCGCCGTTCTCTTGACCGACCGCCATTTTGCAGGC 1440 A E D A L R K A L T F G A H R A V L L T D R H F A G 1441 TCGGATACGCTCGCGACCTCCTTCGCCCTTGCTCAAGCAATCGCGGAGATCGGCGAGACCTTCGGCACGCCTGATGTTGi 1620 B D T L A T 8 F A L A Q A I A E I G E T F G T P D V V
1621 GTTCACCGGCAAGCAGACGATCGACGGCGACACTGCCCAAGTTGGACCTGGAATTGCCAAGCGCCTCGACCTACAGCAGC 1600 sequence. This sequence interrupts the larger consensus ACGGCTGG sequence found in the nifH promoters of both R. meliloti and K.-pneumoniae (Fig. 2) . Transcription begins at or near base 1052 (6) . upstream of nifpromoters of K. pneumoniae regulated by K. pneumoniae nifA (9) . Activation by nifA and inhibition of nif gene expression by the presence of the niJH promoter region cloned on a multicopy vector (so-called nifinhibition) (8, 30) depends on this upstream element. The sequence is conserved in the R. meliloti promoters of the nifHDK (6) and nifB (10) operons. The sequence TGT-N1o-ACA is located from positions 924 to 939 on the fixABCX sequence, exactly 100 bases in front of the fixA promoter (Fig. 2) .
The fixC product contains a signal sequence. Comparison with E. coli signal peptides (42) supports the hypothesis that the amino-terminal end of fixC appears to be a signal sequence for membrane insertion. The requisite features of such a sequence include: (i) a charged residue arnong the first five residues, usually a lysine, (ii) followed by at least nine hydrophobic or uncharged residues; (iii) a helix-breaking residue such as glycine or proline or a large polar residue such as glutamine from four to eight residues before the cleavage site; (iv) termination of the signal sequence with alanine or glycine. These criteria are all fulfilled by the fixC s,equence. Further investigation is required to determine whether the signal sequence is cleaved and whether fixC protein is located on the inner membrane, the outer membrane, or in the periplasmic space.
Relationship between fixABCX and nifA operons. The fixX and nifA coding regions are separated by 202 bp and are transcribed in the same direction (12, 43 formed near the transcription initiation site of nifA, none of these resembles a rho-independent termination site of E. coli (40) .
Duplication of noncoding region upstream offixA. Approximately 500 bp upstream of the beginning of the fixABCX operon is a 250-bp region which bears 65% homology to the region of DNA from the fixA promoter through codon 32 of fixA ( Fig. 1 and 5 ). ThefixA promoter itself is not duplicated.
Better et al. (6) have found an upstream duplication of the R. meliloti nifH promoter with an initial section of the niJI coding region. The two duplicated regions are separated from one another by approximately 500 bp. An attractive hypothesis is that the niJH and fixA promoters, originally adjacent to each other, were separated by a duplication of the 5' regions of the two operons. It is interesting to note that the duplicated fixA region has lost its promoter and that the region of homology terminates precisely at the expected position of a promoter duplication. The nifjH duplication, on the other hand, is strongly transcribed in nodules (6) .
Comparison with other protein-coding sequences. A computer search of the protein sequence library of Dayhoff et al. (16) was done with FASTP with the fixA,fixB,fixC, andfixX coding sequences as bases for comparison. This search revealed no significant homologies for thefixA,fixB, andfixC proteins with other proteins. However, thefixX product was clearly related to several ferredoxins sharing the C-x-x-C-xx-C-x-x-x-C pattern characteristic of these proteins. The alignment of the fixX product to the four most homologous ferredoxins is shown in Fig. 6 . The fixX product is unusual among the ferredoxins in that its six cysteine residues are clustered within the C-terminal half of the protein, whereas other ferredoxins of a similar size have their cysteines clustered in the N-terminal half.
Conclusions and potential functions of the R. meliloti fixABCX genes. The results presented here suggest that the R. meliloti fixA, fixB and fixC genes are not homologous, either structurally or functionally, to K. pneumoniae nif genes. Nevertheless, the fixABCX genes are required for symbiotic nitrogen fixation in R. meliloti, and homologous genes have been observed in all other rhizobia examined so far. Homology was also detected with genomic DNA from Azotobacter vinelandii. Recent results from our laboratory (C. Earl, unpublished data) indicate that the fixB and fixC genes of Bradyrhizobium sp. (Parasponia) Rp501 (identified by homology with the sequences described here) are required for ex planta acetylene reduction.
Taken together, these results suggest that the fixA, fixB, and fixC genes are involved with the process of nitrogen fixation per se and are not merely required for nodule maintenance or bacteroid maturation. Though no homology with flavodoxins or ferredoxins was discovered in the amino acid sequence comparisons, and patterns of cysteine residues in the fixA, fixB and fixC proteins do not match those typically observed for iron-sulfur-binding proteins (27, 28) , it is possible that the fixABC gene products are involved in electron transport. This possibility is made more likely by the unexpected discovery of fixX and its high degree of homology to ferredoxin I from Azotobacter vinelandii ( 
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Promoter region fixA 6). Interestingly, the Azotobacter vinelandii ferredoxin I is analogous to ferredoxin I from Azotobacter chroococcum which has been shown to donate electrons directly to nitrogenase (41) . A ferredoxin purified from Bradyrhizobium japonicum bacteroids has also been shown to transfer electrons to nitrogenase (14) . However, on the basis of size and amino acid composition, this ferredoxin clearly does not correspond to the fixX product. Because Rhizobium, Bradyrhizobium, and Azotobacter species are all obligate aerobes, it is possible that the fixABCX operon codes for a nitrogenase-specific electron transport system which is unique to those bacteria that fix nitrogen aerobically.
